The South Pacific superswell has been defined as a large region of anomalously shallow bathymetry, low Love wave velocities, and low effective elastic thicknesses relative to those predicted for its age. These phenomena have been interpreted as reflecting a combination of lithospheric reheating and thinning, and dynamic uplift due to man fie flow. We use heat flow data to better constrain the thermal structure of this region and examine the predictions of various possible models. The average heat flow for the superswell region does not differ significanfiy from that for lithosphere of similar ages elsewhere on the Pacific plate. Given their uncertainties, the heat flow data imply that thermal lithospheric thickness exceeds 60 km, but cannot discriminate between greater thicknesses. The lack of observed high heat flow appears not to be explained by biases due to water circulation in the thin sediment cover, since the superswell heat flow is not higher than for sites elsewhere with similar sedimentary environments. The Darwin Rise has been proposed as a fossil superswell in the Cretaceous, on the basis of the many similar characteristics to the South Pacific superswell. We find that the Darwin Rise heat flow values do not exceed those for similar ages elsewhere in the Pacific and Atlantic. This observation suggests that any thermal effects associated with the formation of the Darwin Rise are no longer present, and it is consistent with the idea of a fossil superswell. The surface heat flow data thus provide no evidence that the temperatures in the uppermost portion of the lithosphere are significantly higher in the entire superswell region than in other areas of comparable age. This observation is intriguing given the suggestion that the thin effective elastic thicknesses inferred from seamount loading may reflect reheating of the lithosphere. Models in which the plate thicknesses and/or the basal temperatures are increased to yield temperatures high enough to explain the low effective elastic thicknesses predict surface heat flow much higher than observed. Reheating the lithosphere, as is proposed for hot spots, yields temperatures adequate to explain the effective elastic thicknesses only if reheating occurs at very shallow depths, and again implies a surface heat flow much greater than observed. Hence, unless shallow reheating is somehow localized beneath the seamounts, the thinner elastic thicknesses may reflect mechanical, rather than thermal, weakening of the lithosphere.
INTRODUCTION
Heat flow and bathymetrie data provide constraints for thermal models of the formation and cooling of oceanic lithosphere and hence on its thermal structure [e.g., Sclater and Francheteau, 1970; Parsons and $clater, 1977] . The depth of most oceanic seafloor is well fit by such models. However, a large region of the Pacific Ocean (west of the East Pacific Rise to -160øW, -9 ø --30øS) is substantially shallower than might be expected for its age, which ranges from 20 to 90 Me. This area (Figure 1 [Hart, 1984 [Hart, , 1988 ], a geoid low [McNutt and Judge, 1990 ], a low-velocity zone for Love waves [Nishimura and Forsyth, 1985] , and a correlation between the maximum Dupal anomaly location and low seismic velocities in the lower mantle [Castillo, 1988] . [1990] further suggest that the surface wave velocities and flexural strength data can be explained by a thermal plate 75 km thick and that the observed geoid low arises from a deeper low-density "superplume." In their model the thinned lithosphere is a consequence of enhanced heat flux from the convecting mantle and low viscosity beneath the plate, both of which prevent the growth of a stable lithospheric thermal boundary layer to thicknesses greater than 75 km. They suggest that small-scale convective instabilities in the low-viscosity zone may be an important mechanism responsible for maintaining a thinner plate. Such a mechanism was proposed for the origin of lineations, observed in altimetry data over a large region west of the East Pacific Rise including present South Pacific superswell [Nishimura and Forsyth, 1985] , also suggests that there is no present thermal anomaly in this region .
McNutt and Fisher
In these models, a superswell incorporates several aspects previously proposed in discussions of the origin of intraplate hot spots and swells. Thus, a superwell may be considered as a larger version of hot spots and swells. Models for the origin of such features generally rely on two primary effects, reheating mechanisms which elevate temperatures in the lower part of the lithosphere to asthenospheric temperatures [Crough, 1978; Detrick and Crough, 1978] Determination of the relative contributions of lithospheric thinning and dynamic support to the superswell is complicated by two additional effects. First, the bathymetry reflects the emplacement of the seamounts [McNutt and Fisher, 1987; McNutt and Judge, 1990 ]. In addition, the bathymetry may reflect anomalous conditions at the time when the lithosphere formed, prior to passage over the mantle region that gives rise to superswell phenomena. This possibility is suggested by the observation that 0 to 12-Ma seafloor on the western flank of the East Pacific Rise is shallower and subsides more slowly than that on the eastern flank [Mammerickx et al., 1975; Cochran, 1986 ]. Marty and Cazenave [1989] determined similar slow subsidence rates for this area (region 27 in their study) extending from young lithosphere to 100-Ma lithosphere. Hence Calmant et al. [1990] suggest that the regional depth anomalies may, in part, be remnants of the ridge processes, unrelated to midplate hot spot volcanism. Alternatively, the difference in subsidence rams between the two sides of the East Pacific Rise may reflect mantle processes and flow (M. McNutt, personal communication, 1990).
In this paper we examine the heat flow data for the South Pacific superswell region to determine if there is any evidence for higher than expected lithospheric temperatures. We then investigate whether a thinned lithosphere or reheating model can both explain the observed heat flow data and produce sufficiently high upper lithospheric temperatures to account for the lower lithospheric strength implied by the flexural data. In 
Conductivity
The heat flow is the product of the measured thermal gradient and the thermal conductivity. Although ideally the conductivity should be measured either in situ or from a piston core taken at the measurement site, approximately 28% of the heat flow measurements for the superswell and Darwin Rise and 41% of those for the rest of the Pacific plate have estimated conductivi- For the measurements with the best evaluations (category A; 9-10) the median in each age bin is almost the same as the mean. In general, the difference between the mean and the aNotes are as follows: G, conductivity reestimated using regional method. L. Conductivity reestimated using local method. transfer occurs by water circulation. For ages greater than about 100 Ma the observed heat flow exceeds that predicted. We discuss this further in the section on the Darwin Rise.
SUPERSWELL REGION
The heat flow sites provide good regional coverage of the superswell and, for comparison, the region surrounding it (Figure 2 To test if the observed superswell heat flux is abnormal, we compared the data from superswell sites with C and D environments, and those for which we had insufficient data to determine the environment, with 39 measurements at C and D sites elsewhere in the Pacific and 45 from such sites in the Atlantic [Herman, 1987] (Figure 8) . Again, we find no signifieant differences between the average values for the superswell and the other oceans, nor between the Marquesas and Austral fracture zones and the areas directly to the north and south. In some cases, the superswell data are somewhat lower than the other regions. Fisher [1987] , however, proposed that multiple rejuvenation had to affect a very large region and would presumably not give rise to a systematic variation in the depth anomalies with age. They thus hypothesized that the superswell manfie anomaly is a transient feature, whereas the hot spots are longer duration phenomena which give rise to surface volcanism more easily when the lithosphere is thinned under superswell conditions.
McNutt and
We explored a range of steady state and time dependent (reheating) thermal models to see whether the thin effective elastic thicknesses can be reconciled with the absence of a heat flow anomaly. Our starting point was the constraint that the effective elastic thicknesses inferred for sites outside the superswell correspond to depths between the 300 ø and 600øC isotherms predicted for a 125~km-thick plate thermal model. We used the simple assumption that if the low effective elastic thicknesses for the superswell reflect thermal structure, these isotherms. We examined models that achieve this weakening to see whether the predicted heat flow exceeded that observed.
Steady State Models
The simplest model that can give rise to different elevations and surface heat flow is one in which the plate evolves with different thickness and/or basal temperatures than those normally assumed (125 km;--1350øC). For example, thinner plate thicknesses and higher basal temperatures will result in higher surface heat flow and shallower bathymetry. Such a mechanism for the observed heat flow anomalies in the central Indian Ocean was considered and then rejected given the lack of regional depth anomalies [Stein and Weissel, 1990] .
We compared the predicted depths of the isotherms ( Unfortunately, it is difficult to date the formation of the superswell. We can estimate a minimum age provided that the thin effective elastic thicknesses beneath seamounts in the superswell area imply that these loads were emplaced by hot spots subsequent to the formation of the superswell. Since the oldest seamount in the superswell with thin Te, Mangaia, in the Cook-Austral Islands, is dated at 17.7 Ma [Calmant, 1987] , anomalous conditions must predate its formation. Even under this assumption, of course, the superswell might be significantly older.
For a hot spot reheating model, in which the bottom portion of the lithosphere is reset to asthenospheric temperatures [Crough, 1978; Detrick and Crough, 1978] , the depth to reheating determines the anomalous bathymetry and heat flow with time. The shallower the reheating depth, the greater the depth anomaly, the sooner the maximum surface heat flow anomaly occurs, and the greater its magnitude. The depth for reheating is estimated largely from bathymetry. Crough [1978] Second, the low effective elastic thicknesses might resuk from mechanical rather than thermal weakening of the lithosphere. The presence of a significant amount of volatiles, such as water, might result in a weaker rheology. Alternatively, weakening might be due to successive intrusion events resulting in cracking, flexing and reheating the lithosphere. This hypothesis has the same difficulty as that of local reheating under the seamounts, in that it is unclear why the superswell hot spots should show this effect whereas others do not. Perhaps the explanation lies in the complex tectonic history of the region. The Cook-Austral island chain has many anomalous features and is less linear and more segmented than the Hawaiian chain [Okal and Batiza, 1987 ]. Turner and Jarrard [1982] proposed that the Cook-Austral chain violated the age-distance relationship predicted for a single hot spot and suggested that a hot spot model for the chain would require three hot spots. Also, an area through part of the chain may have been affected by hot spot activity sometimes between the Late Cretaceous and Eocene [Diament and Baudry, 1987] [Hetenyi, 1974] suggests that to reduce the effective elastic thicknesses by even 20%, -400 MPa (4 kbar) of compressional stress would be required. It seems unlikely that intraplate stresses would be so large given that the level of Pacific intraplate seismicity is not as high as that in the Indian Ocean.
CONCLUSIONS
The absence of a regional heat flow anomaly for the superswell argues against a regional reheating of the upper lithosphere sufficient to explain the thin effective elastic thicknesses as a consequence of thermal weakening. The heat flow and effective elastic thickness data might perhaps be reconciled if beneath seamounts in the superswell area either major shallow reheating or mechanical weakening occurs. Additional data on the effective elastic thicknesses of superswell seamounts and their ages, and additional heat flow data near these seamounts, would be useful for better understanding the dynamics and evolution of the South Pacific superswell and the Darwin Rise.
